Unexpected and attractive properties can be observed when decreasing the size of a material down to the nanoscale. Cellulose is no exception to the rule. In addition, the highly reactive surface of cellulose resulting from the high density of hydroxyl groups is exacerbated at this scale. Different forms of cellulose nanomaterials, resulting from a topdown deconstruction strategy (cellulose nanocrystals, cellulose nanofibrils) or bottom-up strategy (bacterial cellulose), are potentially useful for a large number of industrial applications. These include the paper and cardboard industry, use as reinforcing filler in polymer nanocomposites, the basis for low-density foams, additives in adhesives and paints, as well as a wide variety of filtration, electronic, food, hygiene, cosmetic and medical products. This paper focuses on the use of cellulose nanomaterials as a filler for the preparation of polymer nanocomposites. Impressive mechanical properties can be obtained for these materials. They obviously depend on the type of nanomaterial used, but the crucial point is the processing technique. The emphasis is on the melt processing of such nanocomposite materials, which has not yet been properly resolved and remains a challenge.
Introduction
Cellulose is a linear macromolecule composed of β-l,4-linked D-glucopyranose rings and the most abundant polymer on Earth. It is certainly one of the most important structural elements in plants and other living species and serves to maintain their structure. Each of these living species, from tree to bacteria, produces cellulose day by day, e.g. a tree produces about 10 g of Transmission electron micrographs from a dilute suspension of (a) CNFs prepared from potato pulp [13] and (b) cellulose nanocrystals extracted from mengkuang leaf (Pandanus tectorius) fibres [14] .
pretreatment [10] or the introduction of charged groups through carboxymethylation [11] or 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation [12] . CNFs occur as long, high-aspect-ratio, flexible entangled filaments consisting of both individual and aggregated nanofibrils made of alternating crystalline and amorphous cellulose domains (figure 1a). The width is generally in the range 3-100 nm depending on the source of the cellulose, the defibrillation process and the pretreatment, and the length is considered to be greater than 1 µm. It is worth noting that hydrophobic compounds are still present at the surface of CNFs and that the surface charge is fixed by the pretreatment step. The second strategy is chemically assisted and consists generally in applying a controlled strong acid hydrolysis treatment to cellulosic fibres. This treatment induces the hydrolysis of amorphous domains and therefore longitudinal cutting of the microfibrils. Sulfuric acid is classically used because it promotes the formation of negatively charged sulfate groups at the surface of the released nanoparticles, resulting in very stable aqueous dispersions. The ensuing nanoparticles are generally called cellulose nanocrystals (CNCs). They occur as rod-like acicular nanoparticles (figure 1b). Their geometrical dimensions depend on the origin of the cellulose substrate and hydrolysis conditions. The average length is generally of the order of a few hundred nanometres and the width is of the order of a few nanometres. An important parameter for CNCs is their aspect ratio, which is defined as the ratio of the length to the width.
The tensile modulus of a single cellulose I (native cellulose) crystal was estimated both experimentally and theoretically in the literature. Most of the reported values were determined by considering intramolecular hydrogen bonding, and much lower values were obtained when intramolecular hydrogen bonding was not taken into account; this is evidence of the important role of intramolecular hydrogen bonding in the determination of the crystallite modulus and chain deformation mechanism. A broad range of values, between 56 and 220 GPa, was reported with an average value of 130 GPa [15] . As expected, the lower crystallinity of CNFs results in a lower modulus, the average value of which is around 100 GPa [9] . The specific tensile modulus, which is the ratio between the tensile modulus and the density (1.5-1.6 g cm −3 for crystalline cellulose), was estimated to be between 85 and 65 J g −1 for CNCs and CNFs, respectively, whereas it is around 25 J g −1 for steel [16] . These data justify the numerous research efforts that have been poured into the use of cellulosic nanomaterials as reinforcement for polymers, the modulus of which is around a few GPa under the best conditions, i.e. when in the glassy state.
Melt processing of polymer nanocomposites
However, when high-volume products are targeted, these wet processing strategies appear difficult to scale up. More conventional melt processing techniques are therefore expected to be the key processing methods. Extrusion and injection-moulding processes are cheap, fast, industrially and economically viable, and solvent-free techniques. Table 1 summarizes the different nanocomposite systems prepared from cellulose nanomaterials by melt compounding. This list is probably not exhaustive. However, this update leads to the following comments.
(i) Melt processing has been mostly applied to CNC-reinforced polymer nanocomposites. This is not really surprising. Intuitively, melt processing methods seem to be trickier to apply to CNFs than to CNCs, because of the possibility of entanglement of the former. Indeed, a reduced percolation threshold and higher reinforcing effect are expected for higher-aspect-ratio CNFs provided that homogeneous dispersion is achieved. However, the issue of homogeneous dispersion of CNFs within the polymer melt is more difficult to obtain than for CNCs because of entanglements between CNFs. Therefore, they have been mainly developed with CNCs that are considered as more adapted.
(ii) When using a polar matrix, such as poly(ethylene oxide) (PEO) or starch, extrusion can be performed directly with raw cellulose nanoparticles because strong filler-matrix interactions are expected. An exception to this rule is for polyamides because of their high melting points; this requires protection of the nanoparticles to prevent thermal degradation. Nevertheless, functionalization of the nanofiller can be implemented (e.g. with poly(ethylene glycol) (PEG)) to prevent strong self-aggregation, while preserving its polar nature.
(iii) Polylactic acid (PLA) has been extensively used. Apart from being a biodegradable polymer derived from renewable resources, thus resulting in fully biodegradable nanocomposites, its extensive use can be explained by its slow crystallization compared with conventional semicrystalline polymers such as polypropylene (PP). It, therefore, requires longer moulding cycles, but usually a mostly amorphous polymer with low modulus at high temperature is obtained, thus limiting its applications. Hence, accelerating the crystallization kinetics of PLA to obtain high crystallinity in a short time and/or enhancing its high-temperature modulus have been extensively studied. Polyethylene (PE) and PP have also been extensively used to prepare cellulose nanomaterial-reinforced nanocomposites. These commodity polyolefins appear to be quite challenging because of their highly hydrophobic character. water-assisted compounding extrusion [57] . . modification of the cellulose nanomaterial, whereas 56% involved a physical method to improve processing, and 23% used unmodified nanoparticles.
The main issues to overcome for an efficient melt processing of CNF/CNC-reinforced polymer nanocomposites are (i) the irreversible aggregation of the nanofiller upon drying prior to melt processing, (ii) its non-uniform dispersion within the polymer melt, (iii) its thermal stability, (iv) its structural integrity, and (v) its orientation.
(i) When water is removed from the CNC/CNF suspension, irreversible aggregation occurs because of the highly reactive surface of the nanoparticles and strong hydrogen bonding forces. It is therefore necessary to use drying techniques that limit this effect and produce a porous weakly bonded solid material, retaining as far as possible the nanosize structure. Different drying methods, namely oven drying, freeze drying, supercritical drying and spray drying of CNC/CNF suspensions, have been applied and compared [147] . Spray drying was proposed as the technically suitable process to dry nanocellulose suspensions and composite processing because particle sizes ranging from nano-to micrometre were obtained. However, another study showed that conventional spray drying produces a compact solid structure with very low porosity, and spray freeze drying was suggested as a more suitable technique [96] . Conflicting results were reported for high-density polyethylene (HDPE)-based nanocomposites and it was shown that freeze-dried CNCs were less aggregated than spray-dried CNCs [42] . A possible way to overcome self-aggregation of the cellulose nanomaterial during drying prior to melt extrusion consists in using never-dried nanoparticles. Liquid feeding of cellulose nanomaterial dispersed in water or a mixture of water and other liquids and subsequent extrusion with PLA [88, 101] or thermoplastic starch [141] was reported. However, effective venting and vacuum ports are needed, and the possible hydrolytic degradation of the polymer (PLA) can be questionable. Moreover, only low filler content composites can be prepared because of the high viscosity of the nanoparticle dispersion. Coating or functionalization of the nanoparticles can avoid their irreversible aggregation through hydrogen bonding upon drying.
(ii) The issue of uniform dispersion of CNCs in a polymer melt, which is generally hydrophobic, results from the intrinsic hydrophilicity of cellulose. The situation is similar to mixing oil with water. It is, therefore, necessary to match the surface properties of the filler and the matrix. The strategies applied to suspend the cellulose nanomaterials in a non-polar liquid medium can be applied, i.e. surface functionalization using a surfactant or covalently grafted hydrophobic moieties. The quality of the dispersion of the nanofiller within the polymeric matrix can be difficult to evaluate. If strong aggregation occurs, a simple visual inspection with the naked eye is enough. An example is provided in figure 3a , which shows an extruded, neat, low-density polyethylene (LDPE) film (left) that is obviously translucent, as expected for any low-thickness polymeric film with a relatively low degree of crystallinity [22] . When extruding the polymer with 10 wt% CNCs (middle), the film becomes dotted with black spots. These heterogeneities reveal the poor and inhomogeneous dispersion of the filler within the polymeric matrix as well as the thermal degradation of the cellulosic nanomaterial. When using chemically modified CNCs (right), the occurrence of these aggregates progressively vanishes and the appearance of the composite film becomes similar to the one of the unfilled film as a result of improved dispersion. Scanning electron microscopy (SEM) can be used for closer inspection. Nevertheless, the resolution is generally insufficient to identify individual nanoparticles, but it can be used to detect the presence of aggregates as shown in figure 3b-d. Figure 3b shows the cryofractured surface of a PEO film obtained by casting/evaporation from water. The cryofractured surface of a PEO film reinforced with 6 wt% CNCs obtained by casting/evaporation is shown in figure 3c . The surface of the nanocomposite film is more chaotic than for the matrix but displays a homogeneous dispersion of white dots. The cross-section of these dots does not correspond to the one for isolated CNCs, because their dimensions are far higher than those of CNCs. They result from electrical charge effects that increase the apparent cross-section of the nanorods or possible CNC aggregates. The morphology of the extruded nanocomposite film reinforced with 6 wt% CNCs (figure 3d) is similar but less chaotic than its cast/evaporated counterpart. However, large domains of white dots are observed, indicating that the nanoparticles were not well dispersed in (iii) The low thermal stability of cellulose is an issue that can restrict melt processing to low-melting-point polymer matrices. It is particularly sensitive for H 2 SO 4 -hydrolysed CNCs because the acid hydrolysis process introduces less thermally stable sulfate groups on the surface [148, 149] . The degradation was described as a two-step process, namely a lowtemperature process and a high-temperature process. The low-temperature process involves the degradation of most accessible amorphous regions, which are also highly sulfated. The hightemperature process involves the degradation of less accessible interior crystalline regions that are comparatively less sulfated. The thermal stability of CNCs is then related to the conditions of the acid hydrolysis step, but also to the specific surface area of the nanoparticles [150] . Improved thermal stability of CNCs can be achieved by neutralizing the CNC suspension with a 1 wt% NaOH solution, as shown in figure 4a [27] . Another strategy consists in using another acid for hydrolysing cellulose. Hydrochloric acid can be used but, because of hydrogen bonding between the surface hydroxyl groups, HCl-prepared CNCs tend to aggregate easily and are often difficult to redisperse. It was shown that, on account of ionic repulsion between charged surface groups, slightly phosphorylated CNCs, prepared by controlled hydrolysis with phosphoric acid, are readily dispersible and form stable dispersions in polar solvents. The H 3 PO 4 -prepared CNCs were found to exhibit a much higher thermal stability than H 2 SO 4 -prepared CNCs [151] . Coating the cellulose nanomaterial through either chemical grafting or physical wrapping with a surfactant or long chains (masterbatch approach) also imparts improved thermal stability to the nanoparticle. This is exemplified in figure 4b , which shows thermogravimetric analysis (TGA) curves for neat CNCs and CNCs modified with quaternary ammonium salt bearing long alkyl chains (M-CNCs) [128] . (iv) Extrusion and injection-moulding processes involve high shear rates that can impact the structural integrity of CNCs. This effect is seldom reported in the literature [77, 140] , and strongly depends on the extrusion conditions and the viscosity of the polymer melt. It has been reported for CNC-reinforced PEO nanocomposites prepared by extrusion [77] . To evaluate the influence of the extrusion process, the length and diameter of CNCs before and after extrusion were determined through microscopic observations and compared ( figure 5a,b) . The nanoparticles were extracted from the extruded nanocomposite by dissolving the PEO matrix in water. The length and cross-section of the nanocrystals were found to decrease from about 200 to 120 nm, and from 7 to 5 nm, respectively (figure 5c). No significant change in the aspect ratio, from 28 to 24, was observed after extrusion. Moreover, a significant narrowing of the length distribution was reported, showing that the degradation was more efficient for longer CNCs.
The impact of processing methods on the morphology and mechanical properties of nanocomposites made from poly(vinyl acetate) (PVAc) and CNCs was investigated [140] . Homogeneously mixed reference PVAc/CNC nanocomposites of various compositions were first prepared by solution casting. These materials were post-processed by mixing in a roller blade mixer or a twin-screw extruder with subsequent compression moulding. When solution-cast materials were re-processed using low-shear-mixing conditions in a roller blade mixer, similar reinforcement was observed, suggesting that, if CNCs are pre-dispersed within the matrix, the morphology can be maintained during re-processing. The high-shear-melt mixing environment in a twin-screw extruder proved to be responsible for mechanical degradation and in particular for a reduction in the CNC length, affecting the formation of the percolation network.
(iv) Another phenomenon which is inherent to the melt processing technique is the possible orientation of the elongated nanoparticles in the extrusion direction, limiting the formation of a percolating network, which is the basis of the reinforcing effect of cellulose nanomaterials. It obviously depends on the processing conditions and viscosity of the polymer. This preferential orientation was evidenced with small-angle X-ray scattering (SAXS) experiments for CNCreinforced LDPE prepared by extrusion, as shown in figure 6 [50] . A triblock copolymer PEO-PPO-PEO was used as the processing aid. The SAXS patterns exhibit an anisotropic shape with a higher intensity in the horizontal direction, which corresponds to a preferential orientation of CNCs in the flow direction during the extrusion process. For increasing CNC contents, the anisotropic level is amplified, which could be attributed to a higher orientation of the nanorods or to an increasing quantity of CNC nanoparticles orientated in the flow direction during the extrusion process.
The orientation of CNCs upon melt processing was also observed using two-dimensional small-amplitude oscillatory shear experiments for injection-moulded CNC-reinforced polybutyrate adipate terephthalate nanocomposites [64] . The effect of a thermal annealing treatment of the . Two-dimensional SAXS patterns for LDPE nanocomposites with different CNC contents [50] .
nanocomposites on the possible auto-reorganization of the nanofiller as a first step to create an isotropic material, the initial condition to induce 3D network formation under mild conditions, was investigated [64] . Even if the high viscosity of the polymer melt limited the movement of the nanoparticles and hindered the formation of the desired percolating network, a spatial reorganization of the nanorods was observed after a short conditioning time. This suggests that it should be possible to partially alter the organization of the particle within the polymeric matrix imposed by the injection-moulding process. Even if different strategies can be used to limit the effect of the previously listed issues related to melt processing of CNF/CNC-reinforced polymer nanocomposites, disappointing mechanical properties are often reported. If improvement is generally observed compared with direct extrusion of unmodified nanoparticles, the mechanical performance is far from what is observed for wet-processed nanocomposites. Moreover, it is worth noting that, in most cases, a semicrystalline polymeric matrix is used and it was clearly shown that cellulose nanomaterials generally act as a nucleating agent inducing an increase in the degree of crystallinity of the matrix. This enhanced crystallinity of the polymeric matrix obviously contributes to the improvement in the stiffness of the material, which is difficult to dissociate from the real direct reinforcing effect of the nanoparticle. The main difficulty is attributed to difficulties in forming a percolating nanoparticle network during melt processing.
Conclusion
Cellulose nanomaterials in the form of CNFs or CNCs exhibit properties such as high stiffness and specific surface area and low density, making them good candidates for the preparation of advanced polymer nanocomposites. The processing step is obviously crucial as it conditions the morphology and the properties of the final material. Two main processing methods can be considered, i.e. wet and melt processing. Wet processing methods such as casting/evaporation of the mixture of a cellulose nanoparticle dispersion and a polymer matrix solution/dispersion procure the most efficient and well-performing nanocomposites. This results from the colloidal stability of cellulose nanomaterials in water that can be trapped within the polymeric matrix upon drying of the mixture, preserving their nanoscale dimensions. This technique can be extended to other liquid media by tailoring the surface properties of the nanoparticles. However, it is important to preserve the surface hydroxyl groups because, during liquid evaporation, strong interactions between nanoparticles can settle and promote the formation of a strong percolating network through H-bonding. This network ensures the mechanical stiffness of the material, with the intrinsic stiffness of the nanoparticles surprisingly playing only a minor role. In addition, one of the shortcomings of wet processing is that the drying of complex shapes and thick mouldings presents difficulties in part drying and solvent removal. Melt processing methods, such as extrusion and injection moulding, are usually more challenging to implement, but this is a step towards a larger scale use of cellulose nanomaterials. The main issues to overcome for an efficient melt processing of CNF/CNC-reinforced polymer nanocomposites are the irreversible aggregation of the nanofiller upon drying prior to melt processing, its non-uniform dispersion within the polymer melt, its thermal stability, its structural integrity and its orientation. Different strategies have been proposed in the literature to overcome these issues, but the fact remains that the final mechanical properties cannot compete with those obtained for nanocomposites prepared by casting/evaporation. The solution might be to adapt the coating of cellulose nanomaterials in order to retain some free OH groups for further nanoparticle interaction. Even more ideally, it might be to hide surface OH groups during processing with a compound that could be eliminated by a specific treatment (thermal, radiative, . . . ) after shaping the product. 
